Carrier dynamics in hydride vapor phase epitaxy grown bulk GaN with very low density of dislocations, 5-8 Â 10 5 cm
I. INTRODUCTION
Carrier dynamics in GaN are usually investigated by above-bandgap femtosecond or picosecond laser pulses. The high absorption coefficient, endemic to direct bandgap semiconductors in general and GaN in particular, results in high photogenerated carrier densities within the top 50 to 100 nm thick surface region (at 267 or 355 nm excitations, respectively) with carrier densities up to 10 19 cm
À3
. Consequently, nonlinear recombination and diffusion as well as bandgap renormalization (BGR) effects may take place, mainly during the initial stages of carrier decay. Vertical diffusion of the carriers from the surface towards the depth of the sample rapidly dilutes the injected ambipolar plasma density by an order of magnitude in a few hundred picoseconds and diminishes the impact of nonlinear processes. 1 Moreover, the diffusive flow in thick and low-defect density hydride vapor phase epitaxy (HVPE) crystals [with diffusion length of a few lm at room temperature (RT)] extends the carriers far away from the surface. As a result, their vanishing contribution to the band-edge luminescence leads to non-exponential photoluminescence (PL) transients. 2, 3 Two-photon (2P) excitation at below-bandgap (E g ), with excitation photon energy E g > h > E g /2, is inherently more advantageous over the above-bandgap excitation, 4 but has not been fully utilized in the past. Low and moderate excess carrier densities (10 15 to $10 18 cm
) achievable in 2P excitation 2, 5 allow one to avoid the nonlinear effects endemic to high-density plasma and eliminate inhomogeneous carrier spatial profiles. Therefore, the nonradiative recombination and carrier transport can be investigated with better accuracy in a wide range of temperatures and injection levels, which allows one to investigate the contributions of the extended and point defects.
There have been only a few reports comparing the carrier dynamics at one-and two-photon excitations in freestanding GaN. The initial PL decay time at room temperature was reported to be a few times slower for the 2P case (1100 ps) as compared to one-photon (1P) excitation (440 ps) (Ref. 2 ) and attributed to nonradiative carrier capture. In contrast, much longer PL decay times under 2P excitation of bulk GaN (from 2 ns at low temperatures to $17 ns at RT) were noted as exciton radiative time, while the nonradiative recombination time was not reported and the free-exciton and exciton-longitudinal optical (LO) phonon emission decay rates were assumed equal. 5 While the true radiative time of free exciton varied from 1.4 ns up to 9 ns at RT in 1 mm-thick GaN (Ref. 6) , the initial $100 ps no-phonon PL component was tentatively attributed to surface states. An earlier study of radiative lifetime pointed out a correlation of exciton radiative lifetime with layer thickness and an estimated 3.5 ns lifetime in a 1 lm thick epilayer. 7 Clearly, the reported rather scattered lifetime values and variety of recombination processes involved require further studies of carrier dynamics by complementary optical techniques, in order to delineate the role of nonradiative and radiative decays as well as diffusion processes. In this work, a bulk GaN crystal with low dislocation density (5-8 Â 10 5 cm
À2
) was chosen in order to create more favorable conditions for radiative processes to become dominant, and facilitate the investigation of spatial and temporal carrier dynamics for different excitation conditions (e.g., single and two-photon carrier injection) in a wide temperature range (80 to 800 K). The analysis is complemented by numerical calculations of carrier dynamics under the excitation conditions employed. 17 cm À3 range, two photon carrier generation was used. In 2P excitation, the 2nd harmonic pulse (s 2h ¼ 15 ps at full width at 1/e intensity) of a Nd:YLF laser (operating at k 1 ¼ 1053 nm with 10 Hz repetition rate) generated the carriers in the bulk, and the recombination and diffusion processes were monitored by a delayed probe beam at longer wavelengths (1053 or 1064 nm). The optically delayed (up to 4 ns) picosecond probe pulse at k 1 ¼ 1053 nm was used to measure the fast decay transients. For the measurement of longer relaxation tails (hundreds of ns), an electronically delayed $2 ns duration probe pulse at 1064 nm was generated from a diode-pumped Nd:YAG laser, triggered by the Nd:YLF laser. 9 The thickness of the photoexcited region d under 2P excitation was three orders of magnitude larger (d ¼ a
À1
2P % 100 lm at 1 GW/cm 2 power density) when compared to the 1P injection case (d ¼ a
1P % 100 nm at 351 nm with a diffusion-expanded photoexcited region of a few micrometers 1 ). Therefore, to ensure detection of DN Â d, which is the measured quantity, at low excess carrier density (i.e., at DN below 10
17

À10
18 cm
À3
), two-photon excitation was required to increase the photoexcited thickness d.
A. Light-induced transient grating technique
For grating recording, the excitation beam at wavelength k 2h,3h passed a diffractive optical element (a permanent diffraction grating with a fixed spatial period), and the two first order diffracted beams, intersecting at an angle H, provided an interference pattern with a period K % k 2h,3h /sin(H) on the sample. 11 The pump beam penetration depth under 1P excitation, a À1 1P , was determined by the interband absorption coefficient, and the carrier density near the surface was calculated as N 01P ¼ a 1P I 0 /h, 12 where a is the interband absorption coefficient, I 0 ¼ (1 À R)I inc is the excitation energy density in the sample (in mJ/cm 2 ), R is the reflection coefficient, I inc is the incident excitation density, and h is the photon energy. Under two photon excitation, a value of two-photon coefficient b [cm/GW] and the excitation beam instantaneous power density 12 PðtÞ
Þ describes a decrease of the incident fluence I(z) during propagation inside the crystal,
where I x ð Þ ¼ I 0 1 þ cos 2px=K ð Þ ½ (x is the direction of the grating vector K ¼ 2p/K) and leads to a slightly decreasing carrier density DN(z) with the depth z,
The above relationships allowed us to calculate an average carrier density N av ¼ 1.5N 02P /[1 þ bdI 0 ] for which the diffusion coefficient was measured (see Eq. (7)). The carrier density equals to N 01P and 1.5N 02P near the excited surface (at 1P and 2P injection condition, respectively), and the factor 1.5 is due to the nonsinusoidal profile of the grating at 2P excitation (see Eq. (2)). The generated carriers lead to a refractive index change, Dn ¼ n eh DN, according to Drude-Lorentz model, 10 where
Þ is the refractive index change per one electron-hole pair, n 1 ¼ 2.3 is the refractive index for probe wavelength k 1 , e 0 is the vacuum permittivity, E g ¼ 3.4 eV is the GaN bandgap, and m Ã eh is the reduced electron-hole effective mass [1=m
À21 cm À3 was calculated for GaN using averaged m e ¼ 0.2 m 0 (Ref. 13 ) and m h ¼ 1.5 m 0 (Ref. 14) .
The refractive index spatial modulation Dn(x) creates a phase grating in the GaN crystal, on which the probe beam diffracts with efficiency g(t),
and provides the grating decay time s G ,
where s R and
2 D are the carrier lifetime and diffusive decay time for the given diffusion coefficient D and grating period K. Equation (3) slightly overestimates the diffraction efficiency g due to depletion of pump beam (i.e., I(z) and DN(z) ! I(z) 2 vary with depth at two-photon absorption conditions); therefore, numerical calculations provided the g decrease (with respect to Eq. (3)) of more than 50% at excitations above 15 mJ/cm 2 . The exact value of the first order diffraction efficiency at arbitrary modulation profile Dn(x,z,t) was calculated numerically according to Ref. 10, ) allowed determination of the two-photon absorption coefficient [see Eqs. (3) and (5)].
B. Free-carrier absorption technique
The FCA decay kinetics at 2P injection were used to determine carrier lifetime values s R at various temperatures and excitation densities. The carriers were injected by a single Gaussian beam, and the induced absorption transient,
At two photon excitation, the following general equation describes the FCA decay:
The dependence of FCA signal on the injected carrier density (at t ¼ 2s 3h % 24 ps, following the excitation pulse) allowed determination of the free carrier absorption cross section
This relationship is valid for relatively low fluences (I 0 < 10 mJ/cm 2 ) when the factor bdI 0 ( 1. At higher I 0 , the depth-averaged carrier density for both FCA (N* ¼ N 02P ) and LITG (N* ¼ 1.5N 02P ) techniques was calculated using
C. Time-resolved photoluminescence technique
For TRPL measurements, the decay transients were detected by a UV sensitive streak camera system for excess carrier densities in the range 10 16 to $10 18 cm À3 (estimated at the very surface of GaN at the wake of the excitation pulse). For 1P injection, the carrier density near the surface is calculated as DN ¼ aI 0 /h, where a is the interband absorption coefficient 2 Â 10 5 cm À1 (Ref. 16 ) at 266 nm wavelength. Complementary to TRPL, the FCA decay measurements were performed at 1P carrier injection using 351 nm wavelength (at which a ¼ 1 Â 10 5 cm
À1
).
III. RESULTS AND DISCUSION
A. Carrier density scaling
The two-photon absorption in GaN was confirmed by a nearly quadratic increase of the differential transmission (DT / I 0 2 ) associated with the nonlinear carrier generation rate DN / I 0 2 (see Fig. 1 ). The grating diffraction efficiency, g, increased twice steeper than DT with excitation fluence (g / I 0 4 ). A slight deviation of the experimental power indices (I 0 c ) of these dependences from the predicted by Eq. (3) values (c exp < c, see Fig. 1 ) is due to the depletion of the excitation beam. The relationships between DT and g signals and the carrier density (Eqs. (1) to (6)) allowed determination of the free carrier absorption cross-section r eh ¼ (2.5 6 0.5) Â 10 À17 cm 2 at 1053 nm and the two-photon absorption (TPA) coefficient b ¼ 15 6 2 cm/GW at 527 nm (the factor b in Eq. (1) is equal to 0.85 cm/mJ). A similar b value of 17-20 cm/GW at 527 nm was obtained by Z-scan technique. 17 The fitting of dependence g(I 0 ) allowed us to obtain bdI 0 ¼ 0.34 (at 20 mJ/cm 2 ), which led to the depth averaged carrier density of 0.77 Â 1.5N 02P and 0.77N 02P for diffraction (LITG) and free carrier absorption, respectively. Therefore, depletion of the pump beam with depth provided the slightly decreased slopes c with injection, as seen in the dependences in Fig. 1 , for I 0 ! 5-10 mJ/cm 2 . The TPA coefficient was found virtually independent of temperature (within 10% error) as followed from the dependence of diffraction efficiency on T. On the other hand, the FCA crosssection had weak temperature dependence with T s (s ¼ À0.15) both for 1P and 2P excitations. The small r value points out to carrier scattering being predominantly by polar optical phonons 18 as predicted by the relationship r eh $ T 0 h À2.5
.
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B. Ambipolar and hole diffusivity at two photon excitation
Two photon band-to-band excitations create holes and electrons with equal densities; therefore, the Dember field between the photoexcited carriers ensures that the electrons and holes diffuse together with the diffusion coefficient given as 20 DðDNÞ
Noting that the hole mobility is much smaller than that of electrons (D h ( D n ), the measurements at the moderate excitation regime (DN ¼ DN n ¼ DN h ) n 0 ) may provide an ambipolar diffusion coefficient D a , while at low injection conditions (DN ( n 0 ), the hole diffusivity may be determined. Both cases were realized experimentally, assuming that n 0 $ 10 16 cm À3 is a standard value for undoped HVPE GaN. 8 The small grating periods, K, ensured faster diffusive decay than the recombination governed decay (s D ( s R ), thus a plot of 1/s G vs. 1/K 2 for different K values (or even a single decay time
provided D at various injected carrier densities and temperatures. In Fig. 2 , the exponential decay of the LITG at 2P carrier injection is plotted for a fixed grating period K ¼ 1.74 lm at different sample temperatures. Similar measurements resulted in a set of diffusivity values for various injected carrier densities ( Fig. 3(a) ). The latter data at moderate excitation (
/s value as well as a hole mobility l h ¼ D a e/2kT ¼ 31 cm 2 /Vs. On the other hand, deviation from ambipolarity at low excitations (DN n ¼ DN h ¼ 10 15 cm À3 < n 0 ) directly led to the hole mobility. We note that the excitation level at which D a ¼ 1.5D h corresponds to the doping concentration n 0 (see Eq. (8)), and thus the fitting of D(DN) curve allowed estimation of the equilibrium carrier density n 0 % 8 Â 10 15 cm À3 at RT. For modeling of diffusivity dependence on injection at different temperatures ( Fig. 3(a) ), the equilibrium carrier densities are needed. These values were calculated using a previously determined donor concentration of 1 . In order to fit the hole diffusion coefficient temperature dependence (Fig.  3(b) ), temperature-dependent scattering rates (see D h,theor in Eq. (9)) were used for acoustic (ac), polar and nonpolar optical phonon (pop and npo, respectively) scattering. Applicable equations 5 GaN (as opposed to 9.66 in SiC) which reduce the BGR effect. [24] [25] [26] The fundamental relations 25, 27 allowed simulation of temperature and density dependent hole diffusivity in the nondegenerate regime (this approach is valid in the whole temperature range, because even at 80 K the density of states N DOS ¼ 5.5 Â 10 18 cm À3 value for holes is by an order of magnitude higher than the injected carrier density),
; where
Here, n ¼ E/kT, E is the kinetic energy, and s
À1
i is the appropriate hole scattering rate. 28 At lower temperatures, the spatial bandgap renormalization 24 hindered carrier diffusion, and thus led to lower than calculated D a values which manifested itself as decreasing D(DN) with increasing carrier density at 80 K ( Fig. 3(a) ). Moreover, the difference between D a ¼ 2D h, theor (T) dependence, not accounting for BGR, and the experimentally measured D a (T) at T < 150 K is also caused by BGR (Fig. 3(b) ).
C. Carrier lifetime at two photon generation
Decay of FCA exhibited single exponential kinetics in the 80-800 K range and led to carrier lifetime s R which varied from $10 to 120 ns with temperature ( Fig. 4(a) ). The lifetime was found to be independent of the excess carrier density in the range DN ¼ The extremely long s R value at RT and unusual s R (T) dependence (Fig. 4(b) ), incongruous with the expected Shockley-Read-Hall recombination rate, required a more detailed analysis of the recombination mechanism. Assuming that the dislocations are the most effective centers of nonradiative recombination and using an empirical relationship between the threading dislocation density N TD and carrier lifetime, s R ¼ kN TD 1=2 , 31 we estimated that N TD ¼ 8 Â 10 5 cm À2 corresponds to a lifetime of s R ¼ 40 ns. This dislocation density is close to that extracted by chemical etching and pit density analysis of similar samples (5 Â 10 5 cm À2 on the Ga face 8 ). The observed almost inverse correlation between the D a (T) and s R (T) dependences (see Figs. 3(b) and 4(b) ) exhibits features of surface recombination in a thin layer. Note that when the carriers are created inside the thick crystal of thickness d, their surface lifetime s S is dependent on the rate at which carriers diffuse from the photoexcited layer of thickness 2d* to the surface (s diff ! d* 2 /D a ) and recombine there with s surf ! d*/S (S is the surface recombination velocity). 9 In our case, the estimations for the studied 200 lm-thick layer provided s diff % 100 ls which is far from reality (D a ¼ 1.6 cm 2 /s value was used for the estimation). Therefore, diffusion to the internal boundaries of GaN hexagonal grains 32 (assumed to be cylinders of radius r c for simplicity) must be considered, and s surf should be replaced with s inter , which depends on the interface recombination velocity S inter . Using this model wherein 33 the fit of the measured s R value at RT (Fig. 4(b) ) provided r c ¼ 3.6 lm and an effective interface recombination velocity of S inter ¼ 9500 cm/s at RT. Following this model, we fitted the experimentally measured temperature dependence of lifetime (s R ! T 1.15 ), inclusive of the defect related part, s inter ! T 3/2 , which corresponds to a capture of carriers by charged defects with their cross section strongly dependent on temperature, r c $ T
À2
. 19 Consequently, the interface recombination rate rapidly decreases with temperature, 1/s inter ¼ r c v th N tr $ T
À3/2
, where v th $ T 1/2 is the carrier thermal velocity and N tr is the interface trap density. Therefore, the extended defects (dislocations) and associated point defects near the grain boundaries must be assumed as effective "interface" centers of nonradiative recombination for the carriers reaching them by diffusion. While this qualitative model accounts for the observed long carrier lifetimes, further spatially and time-resolved investigations of carrier dynamics in the vicinity of grain boundaries are warranted. We note that a similar correlation between the lifetime and diffusion temperature dependences was recently observed in bulk SiC crystals, 34 in which the nonradiative recombination at extended defects is known to be dominant.
D. PL transients at interband excitation
The room temperature TRPL kinetics were measured at $10 18 cm À3 carrier injection by $150 fs pulses of 267 nm wavelength. Complementary to TRPL, the LITG decay measurements were performed at 1P carrier injection using 12 ps pulses at 351 nm wavelength providing carrier densities up to 2 Â 10 19 cm
À3
). A deeper analysis of the PL and LITG kinetics was undertaken with the help of the numerical solution 1, 9 to the continuity equation,
where G(z,t) is the carrier generation rate and B is the radiative recombination coefficient. The carrier density and its evolution was calculated assuming carrier injection by a 150 fs laser pulse at 267 nm and using the boundary condition D a dDN(0,t)/dz ¼ SDN(0,t) at the front surface (z ¼ 0) and the determined D(DN) and s R values. The instantaneous carrier spatial profiles DN(z) are shown in Fig. 5 , providing impact of carrier diffusion and surface recombination. For calculation of the PL transients, the intensity of the PL emission was integrated over the excited layer thickness taking into account reabsorption of light emission a R ,
It was found that the initial fast PL decay within the first 100-500 ps has its genesis in the carrier diffusion away from the surface deeper into the sample which distributes the carriers over a $1 lm depth within 1 ns. Ambipolar diffusion reduces the peak value of DN by an order of magnitude (from $10 17 cm À3 at the end of laser pulse to $10 16 cm À3 at t ¼ 1 ns) (Fig. 5) . At later times, when carriers diffuse to the deeper layer, an impact of PL emission reabsorption becomes more pronounced (Fig. 6) , particularly for the shorter wavelengths (see PL decay rate in Fig. 7) . Moreover, the surface recombination also contributes to PL decay, and fitting of the data revealed S ¼ 1.1 Â 10 4 cm/s. Calculated transients using different a R and S values are presented in Fig. 6 . The data reveal the combined effects of PL reabsorption and/or surface recombination. One can then conclude that the fast diffusion-driven PL decay transient during of the initial 1 ns period cannot be avoided, while the subsequent decay transients (up to 10 ns) may be influenced both by PL reabsorption and surface states of GaN. We note that radiative recombination rate in the range of measured PL decay ($1.5 ns) was masked by faster processes of diffusion, surface recombination, and reabsorption, which decorated the initial PL decay and diminished the radiative component significantly.
The calculation of LITG decay kinetics (Fig. 7 ) also revealed the impact of surface recombination with the fitted S ¼ 3 Â 10 4 cm
À1
. The slightly higher S value (with respect to one for PL decay) may be due to an increase of S with injection. 6, 9 We also assume that a rather large S value for the investigated bulk 
cm
À3 cannot be neglected in the LITG decay (s Rad ¼ 1/BDN % 5 ns). As LITG decay with ps-pulse injection enables complete elimination of in-depth diffusion, 1 the observed grating decay rate at t > 1 ns (Fig. 7) seems to be influenced both by the surface and bimolecular recombination.
In short, the subnanosecond TRPL transients are consistent with the nonequilibrium carrier governed processes when the reabsorption and surface recombination are taken into consideration. The diffusion expands the spatial profile, and surface-related recombination rate has a strong impact as the very thin surface layer is photoexcited in the PL case. Moreover, the specificity of the PL technique (reabsorption of emission) also strongly modifies the PL kinetics. These peculiarities mask the excitonic emission features which should be observed in PL kinetics even at RT. We assume that the relatively high carrier density in the performed PL study slightly above $10
18 cm À3 as well as the rather large surface recombination velocity for the investigated bulk GaN are the main factors/ obstacles, which should be eliminated in further attempts of studying coexisting excitonic and free carrier mechanisms.
IV. CONCLUSIONS
Direct measurements of carrier dynamics in a high quality bulk GaN at two-photon excitation have shown that nonequilibrium processes in the entire 80-800 K range and moderate excitations (from 10 15 to 10 17 cm À3 ) can be reliably analyzed by a model of free-carrier plasma. The study provided minority and ambipolar carrier mobilities (31 and 60 cm 2 /V s), a nonradiative recombination rate of 2.5 Â 10 7 s
À1
, and an ambipolar carrier diffusion length of 2.5 lm at RT. Extremely long lifetime values, varying from 40 ns at 300 K to 120 ns at 800 K, were measured by the free carrier absorption technique. The lifetime increased nearly linearly with temperature, whereas the ambipolar carrier diffusivity showed an opposite trend, decreasing with temperature in the same temperature range. This anticorrelation pointed out that dominant nonradiative recombination pathway is most likely due the extended defects (dislocations) and associated point defects near the grain boundaries, acting as effective "interface" nonradiative centers for the carriers reaching them by diffusion. The corresponding interface recombination velocity was determined to be 9400 cm/s. The ambipolar diffusion coefficient was observed to saturate at D a ¼ 1.6 cm 2 /s at room temperature under high injection (10 17 cm
À3
) and was as high as 3.2 cm 2 /s at 80 K, decreasing slightly with increased injection beyond 2 Â 10 16 cm À3 due to band gap renormalization.
Nonequilibrium carrier dynamics at single photon excitation at 267 nm was explored through time-resolved photoluminescence and transient grating decay. The subnanosecond PL transients revealed carrier diffusion away from the photoexcited thin surface region and surface recombination, which diminished the emission signal essentially, preventing direct access to radiative relaxation. Transient grating decay was less sensitive to the surface recombination due to deeper carrier injection at 351 nm and not sensitive to carrier in-depth diffusion, therefore an impact of bimolecular recombination was observed. PL transients recorded upon carrier injection to a thin surface layer by a strongly absorbed laser pulse (single photon carrier injection conditions). The inset shows the time-integrated PL spectrum, where the four spectral regions used to obtain the PL transients are marked. TRPL decays for four spectral regions (1 to 4) are compared with the calculated best fits (solid lines) using reabsorption coefficients of 7000 and 400 cm À1 in spectral regions 1 and 4, respectively, and S ¼ 1. 
